soluble guanylate cyclase by binding to a heme site, and the possibility of activating ADP-ribosyltransferase has also been suggested (Schuman et al., 1994 , 1995). These studies ment occured only at depolarized potentials, so the make an indirect case for a presynaptic site of action, but spike threshold remained unaltered but the afterhywithout a clear picture of how these signaling molecules perpolarization became larger. During spike trains, the interact with specific targets in nerve terminals, the preenhanced afterhyperpolarization promoted Na 
-activated K ϩ (BK) channels. The enhancement of BK channel activity by Introduction cGMP is greatest at depolarized potentials, so the effect will be manifest during and immediately after action cGMP and NO are two linked components of a signaling potentials. cGMP modulation of BK channel activity thus pathway with many roles in neuronal function. Synaptic increases the magnitude of the spike afterhyperpolarizastrength can be modified by both cGMP (Arancio et al., tion. In this way, cGMP accelerates the recovery of Na Son et al., 1996) . NO also funcResults tions during neural development to regulate neurite outgrowth (Hindley et al., 1997) and to control synapse Enhancement of K ؉ Current by cGMP NO has been shown to enhance the activity of BK chanformation (Ogilvie et al., 1995) . The precise role of the cGMP/NO signaling pathway in synaptic function has nels in nerve terminals by the direct chemical modification of a protein thiol (Ahern et al., 1999) . To resolve this been difficult to establish, partly because of the difficulties of directly assessing physiological actions at nerve direct effect from that mediated by cGMP, experiments were performed with the guanylate cyclase inhibitor terminals. Studies of the cGMP/NO signaling pathway are further complicated by the diffusion of NO across ODQ. NO was applied by photolysis of nitroprusside, a form of caged NO, after allowing it to diffuse into a nerve cell membranes to secondary targets that are often difficult to identify and by the large number of effector moleterminal from the patch pipette. Voltage steps were applied at 20 s intervals to activate K ϩ channels, and the cules of both NO and cGMP. cGMP activates a protein kinase but can also regulate ion channels by direct bindamplitude of the current at the end of a depolarizing pulse (consisting mostly of current through BK channels) ing (Zagotta and Siegelbaum, 1996) . NO of which depends on cGMP and the second of which similar to the long duration of direct NO actions (Ahern et al., 1999) . The finding that ODQ partially blocks the effect of NO indicates that NO activates a guanylate cyclase in nerve terminals. The cGMP-mediated component of K ϩ current enhancement is quite rapid and actually precedes the cGMP-independent enhancement of K ϩ current mediated by thiol nitrosation. The enhancement of K ϩ current was further investigated by direct application of cGMP. Photolysis of caged cGMP increased the amplitude of the final K ϩ current by 67% Ϯ 8% (n ϭ 10) (Figures 2A and 2C ), but the peak K ϩ current was enhanced by only 14.3% Ϯ 3.4%. This suggests that cGMP targets BK channels but has little effect on the A-current (see Experimental Procedures). The channel specificity will be examined further below. In control experiments without a caged compound, twice as much illumination failed to alter the peak or final K ϩ current. Illumination artifacts decayed within ‫05ف‬ ms , indicating that direct that cGMP modulates BK channels, experiments were performed in excised patches where this channel can be identified unambiguously. Previous work demonstrated results from a direct thiol modification of the channel. that in inside-out patches of nerve terminal membrane, In both control experiments and experiments with ODQ, Ca 2ϩ application to the cytoplasmic side activates BK K ϩ current rose after NO application, but ODQ produced channels with an EC 50 of 680 nM (Ahern et al., 1999) . In a partial inhibition of this effect. This inhibition was the present study, excised outside-out patches were strongest in the first 2 min but became very small 3-5 formed to facilitate the testing of both Ca 2ϩ and cGMP min later. The difference between the control and ODQ effects in the same patch. Single-channel currents in plots (inset of Figure 1 ) is the cGMP-mediated compothese patches had amplitudes similar to those described nent of K ϩ current enhancement. This transient phase previously ( ATP-free solutions failed to enhance channel activity, changes in peak and sustained Ca 2ϩ current (n ϭ 4) and a 2.6% Ϯ 3.0% change in peak Na ϩ current (n ϭ 7). indicating that this effect depends on a membranebound protein kinase (data not shown). The role of proThe effect of both NO and cGMP on exocytosis was examined by measuring capacitance (Hsu and Jackson, tein kinase will be addressed further below.
Analysis of other ion channels failed to reveal an effect 1996). cGMP failed to alter basal membrane capacitance. Likewise, there was no effect on the capacitance of cGMP. Voltage clamp experiments were carried out to measure current through Na ϩ and Ca 2ϩ channels. rise induced by Ca 2ϩ entry through Ca 2ϩ channels (exocytosis) or on the subsequent decay (endocytosis) (n ϭ cGMP uncaging produced Ϫ2% Ϯ 6% and Ϫ3% Ϯ 3% . This indicated that cGMP is degraded by a phosphodiesterase and that this tance rises, or the ensuing decay, indicating that NO has no direct effect on exo-or endocytosis.
enzyme contributes to the termination of the response to cGMP.
cGMP Signaling
The experiments described above demonstrate that K ؉ Current Enhancement and Excitability both endogenous and exogenous cGMP can modulate To determine how cGMP-mediated modulation of BK nerve terminal BK channels. Possible mechanisms for channels alters neuropeptide release, we investigated this modulation include direct cGMP binding to the channel and activation of a cGMP-dependent protein kinase (PKG). Experiments with protein kinase inhibitors have demonstrated that the enhancement of BK channel activity depends on PKG. Replacing ATP in the pipette solution with the nonhydrolyzable analog AMP-PCP (4 mM) completely blocked the effect of cGMP on K ϩ current (n ϭ 6) ( Figure 4A ). This indicated that BK channel modulation depends on ATP hydrolysis. KT5823 (1 M), a selective inhibitor of PKG, produced a similar result (n ϭ 6) ( Figure 4B ). Bisindolylmaleimide I (an inhibitor of diacylglycerol/Ca 2ϩ dependent protein kinase -[PKC]) (100 nM) had no effect. Uncaging cGMP still produced a 59% Ϯ 26% increase in K ϩ current (n ϭ 5). HA100 (50 M), which blocks both PKC and cAMPdependent protein kinase (PKA), also had no effect. Uncaging cGMP increased the K ϩ current by 56% Ϯ 16% (n ϭ 5) ( Figure 4C ). These increases seen with bisindolyl- The effect of cGMP on BK channels was reversible.
21 s, n ϭ 7). Because IBMX is a broad-spectrum phosphodiesterase
The rapid increase in BK current following the uncaging inhibitor, this experiment indicates that cGMP hydrolysis contributes to the recovery of K ϩ current.
of cGMP was followed by a decay with a time constant Figure  7B , action potentials were broadened by 200% Ϯ 23% enhancing the afterhyperpolarization by 4 mV will increase the steady-state availability of Na ϩ channels by in control recordings ( Figure 7C ). After photorelease of cGMP in the same nerve terminals, action potentials about 15% (Figure 7A, inset) . Thus, the spike afterhyperpolarization can enhance the repriming of voltage-gated were broadened by 162% Ϯ 26%. This reduction was not statistically significant (n ϭ 7; p Ͼ 0.4). Thus, the Na ϩ channels after a spike, leading to a reduction in the frequency of failures during trains of action potentials. enhanced activity of BK channels by cGMP does not significantly limit the broadening of action potentials To assess the impact on secretion, we used the Ca 2ϩ -sensitive fluorophore, Fluo-4, to examine Ca 2ϩ rises durduring high-frequency trains.
On the basis of this result, one might conclude that ing action potential trains. These experiments showed that spike trains elicited much more Ca 2ϩ entry when cGMP has a negligible effect on release. However, although action potential broadening was not suppressed cGMP was present ( Figure 8B ). During control trains, Fluo-4 fluorescence rose by 60%. cGMP was then unby cGMP, action potentials did show more pronounced We also found that NO increased the action potential success rate by stimulating production of intervals produced a large increase in the action potential success rate within 2 min (n ϭ 6) ( Figure 9 ). Blockade cGMP. Four min after uncaging NO, the action potential success rate at the end of a 10 s, 25 Hz train increased by of guanylate cyclase with 50 M ODQ in the pipette solution prevented this increase, and in fact the action 155% Ϯ 61% (n ϭ 6) over the rate prior to NO application. Addition of ODQ to block guanylate cyclase reduced potential success rate declined (n ϭ 5) (Figure 9 ). Blockade of NOS with 100 M 7-NI also blocked the increase the action potential success rate by 65% Ϯ 11% (n ϭ ., 1999) . However, most of these forms of modulation differ from that change because the current is enhanced only after action potential initiation. This augments the afterhyperpoof cGMP in that the current-voltage plot shifts to the left. These other forms of modulation thus raise the larization, which accelerates the recovery of Na ϩ channels from inactivation. A similar mechanism was recently threshold for action potentials and increase the failure rate during repetitive stimulation (Bielefeldt and Jackdescribed for Kv3-type K ϩ channels ( mechanism would not be expected to sustain changes Conversely, the cGMP-enhanced afterhyperpolarization in synaptic strength for long periods of time and therereduces Na ϩ channel inactivation (Figure 7) . Trains of fore is probably not directly responsible for long-term current pulses lead to action potential failure in the posforms of synaptic plasticity. However, nerve terminals terior pituitary (Bielefeldt and Jackson, 1993, 1994) , and are likely to possess mechanisms by which short-term optical measurements have shown that K ϩ channels modifications can be converted into long-term modificalimit action potential invasion of the terminal arbor tions, and the short-term enhancement by cGMP could (Obaid and Salzberg, 1996) 
